Assembly of immunoglobulin (Ig) heavy (H) variable (V), diversity (D) and joining (J) gene segments constitutes an important determinant of commitment to the B cell lineage. The randomly selected D gene segment of a given VDJ complex can potentially be found in all three possible reading frames (RFs). In the present study, we examined the distribution of D gene RF in 'immature' and 'mature' B cell lymphoproliferative disorders (BCLD). We analyzed the clonotypic VDJ junctional sequences of our previously reported cases of follicular lymphoma (FL), as well as bcl-2/IgH junctions with recognized D elements. A marked under-representation of RF1 was observed, with almost equal usage of RF2 and RF3. A literature search for VDJ published sequences in various BCLD identified a similar pattern of D gene RF usage in multiple myeloma (MM), with marked predilection for RFs 2 and 3. In B cell chronic lymphocytic leukemia (B-CLL), the pattern of D-RF was 25% for RF1, 46% for RF2 and 29% for RF3, while in B cell precursor acute lymphoblastic leukemia (precursor-B-ALL) all three RFs were used with similar frequencies. The marked under-representation of RF1 in FL and MM clonogenic rearranged D genes suggests selection on the basis of antigenic properties, possibly due to constraints in forming a flexible loop within CDR3. In contrast, the more even distribution of D-RF usage in B-CLL and precursor-B-ALL suggests that, for these disorders, transformation of a immature type B cell repertoire has occurred.
Introduction
The DNA sequences that encode for Ig heavy chain (HC) V region are assembled during early B cell ontogeny in the bone marrow through rearrangement of distinct, germline encoded V, D and J elements. 1 The third complementarity determining region (CDR3) of IgH, ie the IgH-V subregion mainly responsible for antigen binding is formed by the junctions of the rearranged V H -D-J H gene segments. In normal B cell development, the amino acid composition of the IgH CDR3 is the main determinant of positive selection, with preference for certain D sequences encoding for protein motifs with particular structural properties. 2 The rearrangement process starts with recombination of a D element to a J H gene element, followed by a second rearrangement of a V H element to the formed DJ H complex. However, the recombination mechanisms are not precise as far as the element boundaries are concerned. Exonuclease trimming as well as N-nucleotide insertions governed by the activity of terminal deoxy-nucleotidyl transferase (TdT) at early stages of B cell development lead to imprecision of joining between V H , D and J H gene segment borders. This could potentially be deleterious for early B cells as it could lead to either stop codon creation or out-of-frame V H DJ H junctions and in consequence condemn these cells to premature death due to a failure to recognize and thereafter be selected by antigen. However, there is an ingenious natural answer to this problem: D elements can potentially be used in all three RFs. There are three possible D element reading frames (RFs): RF1 is defined as the amino acid sequence starting with the first codon of the D coding region; RF2 and RF3 are the amino acid sequences originating from 1 and 2 nucleotide frame shifts, respectively. 3 The study of mammalian D element sequences demonstrates that each RF has certain conserved features as regards the hydrophilic/hydrophobic nature of the encoded protein motif and/or the possibility of introduction of stop codons. 4 These characteristics are shared by D elements in humans; however, in contrast to what happens in other mammalian species, in the human they are distributed over the three RFs in a family-specific way. 5, 6 The available data concerning selection of D element RF in B cell lymphoproliferative disorders (BCLD) are limited. 7 In the presented study, we examined whether preferential selection of particular D gene RF in B cell malignancies could correlate with the developmental stage (immature vs mature/naive vs immune competent) to which the clonogenic B cells are usually assigned. We analyzed the clonogenic V H DJ H and bcl-2/IgH junctional sequences of FL cases from two previous reports by our group for distribution of D-RF usage; we also conducted a similar analysis in published V H DJ H junctional in various BCLD in order to gain more information concerning the role of D segment RF-guided CDR3 configuration in discriminating antigen-selected, over naive malignant B cell populations.
Materials and methods

Junctional sequence analysis
Included in the present study were: 
Sequence analysis of D gene segments
Sequence comparisons were performed with the GCG software package (Genetic Computer Group Inc, Madison, WI, USA) and the Genbank/EMBL databases. Assignment of D and J H segments was carried out as defined. 24, 25 
Statistical analysis
Statistical comparisons between the distributions of D-RFs in various BCLD and normal B cell populations analyzed in the present report were carried out by the Pearson's chi-square test for independence.
Results and discussion
The results of the present study are summarized in Table 1 . Statistical comparisons between D H -RF usage in normal (CD5 + or CD5 − ) peripheral B cells and other BCLD analyzed in the present study are provided in Table 1 . D gene usage by BCLD analyzed in the present study revealed an increased percentage for DLR, DXP, DXP′, D21 and DN gene families, similarly to normal peripheral blood B cells. D genes of small size, like DHFL16, DHQ52 (D7-27) and DA (D4-4 and D4-11), were markedly under-represented.
Most peripheral B cells' D segments are read in all three possible RFs (Table 1) . 6 However, an over-representation of RF2 usage is observed in both CD5 + and CD5 − normal B cells (61.5% and 58%, respectively), while RF1 is used less and RF3 more frequently by CD5 − B cells as compared to CD5 + B cells (5.3% and 36.7% vs 23% and 15.5%, respectively). In ALL, a malignancy of precursor-B cells in an immature stage of differentiation, our meta-analysis of the data of Steenbergen et al 7 points to an equal representation of all three RFs (RF1: 37.3%, RF2: 32% and RF3: 30.7%). Furthermore, all three RFs were equally used both for the different D gene families and the individual gene segments. This finding provides further support for the fact that the precursor-B-ALL CDR3 structure is in no way affected by any selective pressure. 26 Another B cell malignancy whose clonogenic cell corresponds to a pre-immune albeit mature stage of differentiation is B-CLL. 27 The analysis for D gene-RF usage in published B-CL CDR3 sequences reveals a slight tendency to preference for RF2 (33/72; 46%) over either RF1 (18/72; 25%) or RF3 (21/72; 29%). B-CLL is a malignancy of autoreactive CD5 + B cells. Our analysis of D gene-RF usage based on the sequences reported by Brezinschek et al 6 for productively rearranged V-region sequences in CD5 + /IgM + and CD5 − /IgM − peripheral B cells revealed slight differences between CD5 + normal and malignant B cells. 6 Thus, a greater percentage of CD5 + malignant B-CLL cells were found to carry D genes rearranged in RF3 in contrast to normal peripheral B cells, although differences in RF distribution did not reach statistical significance (P = 0.46), probably as a result of the small sample size of CD5 + normal B cells. However, the latter population is heterogenous with regard to the ultimate fate of its members; a subset of CD5 + B cells from the peripheral blood is destined to colonize the germinal center mantle zone. 26 This cell heterogeneity, contrasting the homogenous nature of the clonal B cell population in B-CLL, could in some way be related to the observed differences.
The analysis was also extended to B cell malignancies corresponding to more advanced, post-immune stages of B cell ontogeny. FL is derived from germinal center B cells participating in the process of selection by antigen. 28 Included in the present analysis were clonogenic rearranged sequences as well as junctional bcl-2/DJ H sequences from our reports. 14, 15 A similar usage of D gene-RF was observed for both sets of sequences (VDJ H ; RF1: 12.5%, RF2: 50%; RF3: 37.5% and bcl-2/DJ H ; RF1: 11%, RF2: 45%, RF3: 44%, P = NS; see also Table 1 ). Furthermore, in both settings a marked under-representation of RF1 usage was observed. The similar usage of D gene RFs in FL VDJ H and bcl-2/DJ H junctional sequences may at first sight seem paradoxical. Bcl-2/DJ H rearrangement abolishes the ability of one allele to undergo a productive VDJ rearrangement; thus, it would seem probable that these sequences are not affected by any kind of selective force. However, as we have shown, the t(14;18) chromosomal translocation can occur both at the D-to-J H and at later stages (V Hto-DJ H ) in the rearrangement process at the IgH locus; 15 thus, at a certain ontogenetic stage, DJ H complexes could be the subject of some form of selection. 29 In this context it has even been suggested that pre-B cell clones are submitted to an antigen-independent initial selective pressure, whereby D chains would be merely selected for their ability to interact with surrogate light chains. 29 Multiple myeloma represents a malignancy of post-immune memory B cells that have rather exited the germinal center after successful selection by antigen. 28 A distinct over-representation of RF2 (13/18 sequences; 72%) over either RF1 (2/18; 11%) or RF3 (3/18; 17%) was noted in the sequences analyzed, strongly indicative of the operation of a selection mechanism. A strikingly similar RF usage was also observed in DLCL 20 and AIDS-RL 21 (Table 1) . This observation lends support to the data pointing to the derivation of these neoplasms from transformation of memory B cell populations at the immunoblast stage of differentiation. 20, 28, 30, 31 In general, our analysis revealed an assymetric distribution of RF usage in post-immune BCLD. More specifically, in FL RF1 was markedly under-represented. Furthermore, as previously stated, in MM, DLCL and AIDS-RL, the vast majority of D genes were read in RF2. When BCLD were grouped to those of preimmune (precursor-B-ALL and B-CLL) vs the most representative immune/post-immune (FL and MM) the difference in RF distribution was significant (P = 0.02), chiefly accounted for by differences in RF1 (precursor-B-ALL and B-CLL: 31.7% vs FL and MM: 10.8%) and RF2 (precursor-B-ALL and B-CLL: 37.9% vs FL and MM: 59.5%), thus confirming that antigenic selection leads to an over-representation of RF2.
The available molecular data from the study of IgH genes in both forms of BL (eBL and sBL) does not provide conclusive evidence regarding ontogenetic assignment. 22, 23 Our analysis of RF usage in BL D genes also fails to draw any meaningful conclusion; comparisons of RF usage between eBL/sBL vs preand post-immune lymphoid B cell malignancies gave paradoxical results; ie RF usage in eBL D genes was found to differ significantly from that in precursor-B-ALL (P = 0.047) and FL (P = 0.029), while no statistically significant differences were observed between eBL and either B-CLL (P = 0.13) or MM (P = 0.18).
At the molecular level, the most critical determinant of antigenic specificity is the sequence of the third CDR (CDR3). In the case of Ig heavy chains, as far as the D segment is central within the CDR3 region, modified by exonuclease nibbling in its ends, as well as flanked by variable numbers of N nucleotides inserted by TdT, it becomes evident that the CDR3 sequence frame would be maintained provided that the D gene segment could be read in all three RFs. The main rule governing D H -RF selection by antigen is the ability of the encoded amino acids to form loops in antigen-binding sites. 5 CDR3 is the most solvent exposed region of the Ig molecule; this fact probably explains the over-representation in the CDRs of hydrophilic/aromatic amino acids encoded by D sequences. In the human, this rule is followed both by normal peripheral B cells and, as shown by the present analysis, by malignant B cells as well. 3, 4 In the human, RF1 frequently encodes for stop codons or leucine residues, while RF3 frequently encodes for Val and lle residues. 5 Apolar, aliphatic amino acids (Val, lle and Leu) are incapable of participating in ionic interactions. Moreover, it has been suggested that in view of the rotational degrees of freedom which could be frozen upon complex formation, aliphatic amino acids can have a significant negative contribution to ligand binding. 3 These characteristics constitute RF1 and RF3 usage highly unlikely by CDR3 sequences of antigenselected B cell populations. However, when D genes of functional V H DJ H rearrangements are read either in RF1 or in RF3, these 'unfavorable' characteristics are somehow eliminated, for example either through excision of stop codons, or by mutations within D gene segments altering the specified amino acids. Additionally, RF3 usage by small length D gene segments such as D H Q52 (D7-27) gene, DK (D5-5 and D5-12) and DM (D1-7 and D1-14) family members, seems to provide favorable conditions for selection, since the above D sequences contain amino acid residues capable of loop formation. In this context, we studied the sequences included in the present study for modifications within D segments, read in RF1 and RF3, that would provide better conditions for antigen recognition. Our analysis revealed (data not shown) that in precursor B-ALL minimal or no modifications were present within the D segment, irrespective of the RF used, while in post-immune BCLD (FL, MM, etc) modifications were encountered frequently as a means of removing unfavorable D gene sequence characteristics (ie stop codons, apolar amino acids, sometimes cysteine residues), that would very likely impede effective Sig-antigen interaction and subsequent selection.
In conclusion, the biologic significance of D H -RF usage in BCLD might reflect differences in antigen-independent or antigen-dependent selective forces at various ontogenetic B cell stages, while an individual D gene segment (selected in a particular Ig rearrangement of a B cell clone) structure should impose constraints in its ability to be selected at a particular RF.
